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Abstract	  
Background	  
Cognitive	  impairment	  is	  a	  clinically	  important	  feature	  of	  schizophrenia.	  	  Polygenic	  risk	  score	  (PRS)	  
methods	  have	  demonstrated	  genetic	  overlap	  between	  schizophrenia,	  bipolar	  disorder	  (BD),	  major	  
depressive	  disorder	  (MDD),	  educational	  attainment	  (EA)	  and	  IQ,	  but	  very	  few	  studies	  have	  examined	  
associations	  between	  these	  PRS	  and	  cognitive	  phenotypes	  within	  schizophrenia	  cases.	  	  	  	  	  	  	  	  
Methods	  
We	  combined	  genetic	  and	  cognitive	  data	  in	  3034	  schizophrenia	  cases	  from	  11	  samples	  using	  the	  
general	  intelligence	  factor	  g	  as	  the	  primary	  measure	  of	  cognition.	  	  
We	  used	  linear	  regression	  to	  examine	  the	  association	  between	  cognition	  and	  PRS	  for	  EA,	  IQ,	  
schizophrenia,	  BD	  and	  MDD.	  The	  results	  were	  then	  meta-­‐analysed	  across	  all	  samples.	  A	  GWAS	  of	  
cognition	  was	  conducted	  in	  schizophrenia	  cases.	  	  
Results	  
PRS	  for	  both	  population	  IQ	  (p=4.39x10-­‐28)	  and	  EA	  (p=1.27x10-­‐26)	  were	  positively	  correlated	  with	  
cognition	  in	  those	  with	  schizophrenia.	  In	  contrast	  there	  was	  no	  association	  between	  cognition	  in	  
schizophrenia	  cases	  and	  PRS	  for	  schizophrenia	  (p=0.39),	  BD	  (p=0.51)	  or	  MDD	  (p=0.49).	  No	  individual	  
variant	  approached	  genome-­‐wide	  significance	  in	  the	  GWAS.	  
Conclusions	  
Cognition	  in	  schizophrenia	  cases	  is	  more	  strongly	  associated	  with	  PRS	  that	  index	  cognitive	  traits	  in	  
the	  general	  population	  than	  PRS	  for	  neuropsychiatric	  disorders.	  This	  suggests	  the	  mechanisms	  of	  
cognitive	  variation	  within	  schizophrenia	  are	  at	  least	  partly	  independent	  from	  those	  that	  predispose	  
to	  schizophrenia	  diagnosis	  itself.	  	  Our	  findings	  indicate	  that	  this	  cognitive	  variation	  arises	  at	  least	  in	  
part	  due	  to	  genetic	  factors	  shared	  with	  cognitive	  performance	  in	  populations	  and	  is	  not	  solely	  due	  to	  
illness	  or	  treatment	  related	  factors,	  although	  our	  findings	  are	  consistent	  with	  important	  
contributions	  from	  these	  factors.	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Introduction	  
Schizophrenia	  is	  an	  often	  debilitating,	  highly	  heritable	  mental	  disorder	  affecting	  around	  1%	  of	  the	  
population1.	  Individuals	  with	  schizophrenia	  show	  marked	  cognitive	  deficits,	  on	  average,	  compared	  to	  
healthy	  controls2.	  Cognitive	  impairments	  are	  strongly	  associated	  with	  functional	  outcomes	  in	  
schizophrenia,	  more	  so	  than	  positive	  symptoms3.	  Existing	  treatments	  focus	  on	  reducing	  positive	  
symptoms	  principally	  through	  the	  use	  of	  antipsychotic	  medications,	  but	  neither	  these	  medications	  
nor	  other	  treatments	  have	  major	  beneficial	  effects	  on	  cognition.	  Indeed	  it	  has	  been	  argued	  that	  
antipsychotics,	  particularly	  at	  high	  doses,	  may	  exacerbate	  cognitive	  impairment4.	  Interventions,	  such	  
as	  cognitive	  remediation	  therapy,	  have	  been	  shown	  to	  improve	  cognitive	  deficits	  to	  a	  limited	  extent	  
but	  are	  not	  routinely	  available	  for	  most	  patients	  with	  schizophrenia5.	  	  
The	  underlying	  causes	  of	  cognitive	  impairment	  in	  schizophrenia	  have	  been	  contested	  since	  first	  
described	  by	  Kraepelin6,	  but	  include	  factors	  secondary	  to	  illness-­‐related	  behaviours	  (e.g.	  substance	  
abuse,	  poor	  nutrition)	  and	  drugs	  used	  in	  treating	  the	  disorder	  for	  example	  high	  dose	  antipsychotics7,	  
anticholinergics8	  and	  benzodiazepines9.	  Nonetheless	  the	  demonstration	  in	  longitudinal	  population-­‐
based	  studies	  that	  cognitive	  impairment	  exists	  prior	  to	  schizophrenia	  onset10	  suggests	  a	  contribution	  
from	  factors	  that	  are	  correlated	  with	  increased	  liability	  to	  the	  disorder,	  including	  those	  that	  are	  
aetiological.	  Furthermore	  evidence	  that	  cognitive	  performance	  is	  impaired	  in	  the	  relatives	  of	  those	  
with	  schizophrenia,	  and	  is	  heritable	  in	  these	  families11,	  indicates	  a	  genetic	  contribution	  to	  cognitive	  
impairment	  in	  schizophrenia,	  consistent	  with	  the	  neurodevelopmental	  hypothesis	  of	  the	  disorder.	  	  
Genome-­‐wide	  association	  studies	  (GWAS)	  have	  proven	  to	  be	  an	  effective	  means	  of	  identifying	  risk	  
alleles	  for	  schizophrenia12,	  13.	  They	  have	  also	  identified	  common	  alleles	  that	  influence	  population	  
variation	  in	  measures	  of	  cognitive	  ability,	  including	  IQ,	  as	  well	  as	  other	  proxy	  measures	  such	  as	  
educational	  attainment.	  Furthermore,	  GWAS	  have	  provided	  evidence	  for	  shared	  genetic	  
contributions	  to	  many	  of	  these	  traits	  (schizophrenia,	  bipolar	  disorder,	  major	  depressive	  disorder,	  IQ	  
and	  educational	  attainment)14-­‐20.	  Common	  variant	  GWAS	  have	  previously	  been	  performed	  on	  
cognition	  in	  schizophrenia	  cases	  at	  smaller	  sample	  sizes21,	  22.	  	  
The	  aggregated	  common	  variant	  genetic	  liability	  for	  disorders	  and	  traits	  can	  be	  estimated	  in	  
individuals	  by	  a	  metric	  known	  as	  the	  polygenic	  risk	  score	  (PRS).	  The	  PRS	  for	  schizophrenia	  has	  been	  
shown	  to	  be	  weakly	  associated	  with	  IQ	  and	  cognition	  in	  population	  samples23-­‐26	  and	  appears	  to	  be	  
associated	  with	  severity	  of	  negative,	  but	  not	  positive	  symptoms	  in	  those	  with	  schizophrenia27.	  IQ	  PRS	  
has	  been	  shown	  to	  be	  significantly	  associated	  with	  schizophrenia	  diagnosis	  in	  a	  case/control	  
sample23.	  
To	  date	  few	  studies	  have	  examined	  the	  influence	  of	  PRS	  on	  cognition	  in	  those	  with	  schizophrenia,	  
and	  those	  that	  have	  been	  performed	  have	  used	  a	  restricted	  range	  of	  polygenic	  risk	  scores,	  generally	  
in	  small	  samples,	  and	  have	  found	  no	  convincing	  evidence	  for	  association	  between	  schizophrenia	  PRS	  
and	  cognition28-­‐30.	  Aiming	  to	  obtain	  insights	  into	  the	  origins	  of	  cognitive	  impairment	  in	  those	  with	  
schizophrenia,	  we	  report	  analyses	  of	  what	  we	  believe	  is	  the	  largest	  schizophrenia	  sample	  to	  date	  for	  
which	  both	  cognitive	  and	  genetic	  data	  are	  available.	  We	  derived	  g,	  the	  'general	  intelligence	  factor',	  
as	  a	  measure	  of	  general	  cognitive	  ability31,	  since	  it	  has	  been	  used	  successfully	  in	  population-­‐based	  
genetic	  studies15,	  it	  captures	  substantial	  variance	  in	  cognitive	  ability,	  particularly	  in	  schizophrenia32,	  
and	  can	  be	  derived	  from	  a	  diverse	  array	  of	  cognitive	  tests	  across	  different	  studies33,	  34.	  	  
We	  performed	  a	  GWAS	  of	  g	  within	  schizophrenia	  cases	  and	  systematically	  examined	  the	  relationship	  
between	  g	  and	  polygenic	  risk	  scores	  for	  psychiatric	  disorders	  and	  cognitive	  traits	  in	  multiple	  
schizophrenia	  case	  samples,	  using	  meta-­‐analysis	  to	  combine	  the	  results.	  We	  had	  two	  primary	  
hypotheses.	  First,	  under	  the	  hypothesis	  that	  variation	  in	  cognitive	  impairment	  in	  schizophrenia	  is	  
essentially	  a	  consequence	  of	  liability	  to	  the	  disorder,	  with	  greater	  impairment	  indicating	  greater	  
liability,	  we	  predicted	  that	  the	  measure	  of	  liability	  to	  schizophrenia	  (schizophrenia	  PRS)	  would	  be	  
negatively	  associated	  with	  cognitive	  performance	  in	  those	  with	  the	  disorder	  (Hypothesis	  1).	  
Alternatively,	  under	  the	  hypothesis	  that	  variation	  in	  cognitive	  performance	  in	  schizophrenia	  is	  driven	  
by	  similar	  factors	  that	  influence	  cognition	  in	  the	  general	  population,	  albeit	  that	  variance	  occurs	  
around	  a	  mean	  point	  that	  is	  lower	  as	  a	  consequence	  of	  the	  disorder,	  we	  predicted	  that	  cognition	  
related	  PRS	  (for	  IQ	  and	  educational	  attainment)	  would	  be	  associated	  with	  cognition	  in	  those	  with	  
schizophrenia	  (Hypothesis	  2).	  We	  also	  investigated	  whether	  polygenic	  liability	  to	  bipolar	  disorder	  
and	  major	  depressive	  disorder	  were	  associated	  with	  cognition,	  testing	  these	  as	  negative	  controls,	  
since	  both	  are	  adult	  disorders	  that	  genetically	  overlap	  with	  schizophrenia	  but	  do	  not	  show	  genetic	  
correlation	  with	  IQ19.	  
	  
Methods	  
We	  amalgamated	  genetic	  and	  cognitive	  data	  from	  those	  with	  schizophrenia	  and	  schizoaffective	  
disorder	  from	  available	  datasets	  that	  were	  part	  of	  the	  Schizophrenia	  Working	  Group	  of	  the	  
Psychiatric	  Genomics	  Consortium	  (PGC),	  as	  well	  as	  additional	  samples	  from	  the	  European	  Union	  
Gene	  Environment	  Interaction	  consortium	  (EUGEI)	  and	  from	  Ireland	  and	  Cardiff	  that	  have	  not	  yet	  
been	  included	  in	  the	  published	  work	  of	  the	  PGC.	  
	  
PGC	  Samples	  
Of	  the	  11	  datasets	  in	  this	  study,	  8	  were	  part	  of	  the	  2014	  PGC	  schizophrenia	  study	  (Table	  1)13.	  Genetic	  
data	  accessed	  from	  PGC	  servers	  with	  permission	  of	  the	  individual	  study	  principal	  investigators.	  	  
PGC	  genotype	  data	  
The	  PGC	  datasets	  included	  2071	  genotyped	  individuals	  of	  European	  ancestry,	  with	  research-­‐verified	  
diagnoses	  of	  schizophrenia	  or	  schizoaffective	  disorder	  for	  whom	  we	  also	  had	  sufficient	  cognitive	  
data	  to	  calculate	  g,	  the	  general	  cognition	  factor.	  We	  used	  the	  quality	  control	  parameters	  reported	  by	  
the	  PGC	  consortium13,	  excluding	  individuals	  of	  non-­‐European	  ancestry	  based	  on	  PCA.	  The	  datasets	  
we	  analysed	  had	  been	  imputed	  using	  the	  1000	  Genomes	  phase	  3	  reference	  panel	  with	  the	  programs	  
SHAPEIT	  for	  haplotype	  phasing	  and	  IMPUTE2	  for	  imputation.	  Full	  details	  of	  sample	  collection,	  
genotyping,	  quality	  control	  and	  imputation	  are	  available	  in	  the	  associated	  paper13.	  After	  imputation,	  
variants	  with	  an	  INFO	  score	  >0.1,	  MAF	  >0.5%	  and	  missingness	  <2%	  were	  retained	  for	  further	  
analysis.	  
	  
EUGEI	  and	  additional	  Irish	  samples	  
156	  samples	  with	  schizophrenia	  and	  schizoaffective	  disorder	  collected	  and	  genotyped	  as	  part	  of	  
Work	  Package	  2	  of	  the	  EUGEI	  study	  were	  included	  in	  the	  analysis	  (the	  European	  network	  of	  national	  
schizophrenia	  networks	  studying	  gene	  environment	  interactions,	  see	  http://www.eu-­‐gei.eu/)35.	  
These	  samples	  were	  recruited	  as	  first	  episode	  psychosis	  cases	  with	  a	  schizophrenia	  or	  schizoaffective	  
disorder	  diagnosis	  based	  on	  Operational	  Criteria	  (OPCRIT)	  ratings,	  following	  a	  research	  interview	  and	  
case	  note	  review35.	  An	  additional	  159	  cases	  collected	  from	  centres	  across	  Ireland	  were	  included	  in	  
the	  analysis;	  all	  had	  a	  DSM-­‐IV	  diagnosis	  of	  schizophrenia/schizoaffective	  disorder.	  For	  details	  of	  
genotyping,	  quality	  control	  and	  imputation,	  see	  Supplementary	  Information.	  
	  
CardiffCOGS	  samples	  
We	  included	  648	  samples	  from	  the	  CardiffCOGS	  study	  with	  DSM-­‐IV	  schizophrenia	  and	  schizoaffective	  
disorder	  diagnoses,	  based	  on	  a	  SCAN	  interview36	  and	  clinical	  note	  review	  ratings37.	  For	  details	  of	  
genotyping,	  quality	  control	  and	  imputation,	  see	  Supplementary	  Information.	  
	  
Neuropsychological	  assessment	  
Participants	  in	  all	  studies	  underwent	  formal	  neuropsychological	  testing,	  administered	  by	  trained	  
researchers.	  Protocols	  and	  results	  from	  each	  sample	  have	  been	  independently	  published38-­‐44	  and	  we	  
provide	  full	  details	  of	  testing	  procedures	  and	  batteries	  in	  Supplementary	  Information.	  	  
	  
Calculation	  of	  g	  
The	  cognitive	  tests	  available	  differed	  for	  each	  study	  sample	  (Supplementary	  Table	  1).	  For	  a	  dataset	  
to	  be	  included	  we	  required	  tests	  from	  a	  minimum	  of	  two	  cognitive	  domains,	  having	  assigned	  
cognitive	  tests	  to	  domains	  based	  on	  the	  approach	  taken	  by	  MATRICS45,	  46.	  We	  then	  calculated	  g	  
independently	  for	  each	  dataset	  using	  at	  most	  three	  tests	  from	  a	  particular	  cognitive	  domain.	  
Subjects	  were	  excluded	  if	  they	  did	  not	  have	  valid	  scores	  for	  at	  least	  two	  cognitive	  tests.	  Outlier	  test	  
scores	  were	  also	  excluded	  (see	  Supplementary	  Information).	  	  
g	  was	  calculated	  from	  the	  cognitive	  test	  scores	  using	  multidimensional	  scaling	  (MDS),	  as	  
implemented	  in	  the	  R	  ‘stats’	  package.	  Unlike	  principal	  component	  analysis	  (PCA),	  MDS	  can	  retain	  
subjects	  with	  missing	  data	  while	  being	  mathematically	  analogous	  to	  PCA	  when	  data	  are	  complete.	  g	  
was	  calculated	  as	  the	  first	  dimension	  produced	  by	  MDS	  analysis.	  
For	  five	  datasets,	  values	  of	  g	  were	  calculated	  using	  both	  MDS	  and	  PCA	  in	  samples	  with	  no	  missing	  
data,	  and	  the	  results	  examined	  for	  correlation	  (see	  Supplementary	  Data	  and	  Supplementary	  Table	  2	  
for	  more	  details).	  For	  PCA,	  the	  first	  principal	  component	  was	  taken	  to	  represent	  g.	  PCA-­‐	  and	  MDS-­‐
derived	  estimates	  of	  g	  were	  highly	  correlated	  (|r|>0.95	  in	  all	  datasets),	  endorsing	  our	  selection	  of	  
MDS	  to	  derive	  g.	  A	  version	  of	  the	  primary	  analysis	  using	  values	  of	  g	  derived	  from	  PCA	  (thus	  excluding	  
missing	  data)	  was	  also	  performed.	  	  
For	  the	  EUGEI	  sample,	  WAIS	  IQ	  estimates	  were	  available.	  Given	  their	  high	  correlation	  with	  g,	  and	  
also	  because	  WAIS	  IQ	  had	  been	  standardised	  across	  the	  multiple	  countries	  present	  in	  the	  EUGEI	  
dataset,	  we	  used	  these	  scaled	  IQ	  scores	  for	  the	  EUGEI	  samples.	  This	  methodology	  follows	  the	  
approach	  taken	  in	  equivalent	  research	  in	  non-­‐clinical	  populations23.	  
	  
Genome-­‐wide	  association	  analysis	  of	  g	  and	  meta-­‐analysis	  
Mixed	  linear	  model	  association	  (MLMA)	  was	  performed	  genome-­‐wide	  in	  each	  dataset	  using	  the	  
program	  GCTA47,	  48,	  which	  calculates	  a	  genetic	  relationship	  matrix	  (GRM)	  for	  all	  samples	  that	  is	  then	  
used	  to	  correct	  for	  sample	  relatedness	  and	  population	  stratification.	  To	  prevent	  overcorrection	  due	  
to	  the	  inclusion	  of	  truly	  associated	  variants	  in	  the	  GRM,	  a	  leave-­‐one-­‐chromosome-­‐out	  model	  was	  
used	  where	  the	  GRM	  used	  for	  association	  testing	  for	  any	  variant	  on	  a	  given	  chromosome	  was	  
derived	  after	  excluding	  all	  variants	  on	  that	  chromosome.	  The	  association	  results	  for	  the	  11	  datasets	  
were	  combined	  using	  a	  standard	  error	  weighted,	  fixed	  effects	  meta-­‐analysis	  in	  METAL49	  
	  
Polygenic	  risk	  score	  (PRS)	  construction	  
Polygenic	  risk	  scores	  were	  constructed	  from	  GWAS	  of	  five	  disorders	  or	  traits	  as	  training	  sets	  
(Supplementary	  Table	  3);	  schizophrenia,	  major	  depression	  (MDD),	  bipolar	  disorder	  (BD),	  educational	  
attainment	  (EA,	  measured	  in	  ‘years	  in	  education’),	  and	  IQ13,	  18,	  19,	  50,	  51.	  The	  schizophrenia	  training	  set	  
was	  based	  on	  the	  PGC2	  meta-­‐analysis,	  but	  excluded	  the	  cognitively	  informative	  samples	  used	  in	  this	  
study	  for	  analysis	  of	  PRS	  and	  g.	  Clumping	  was	  performed	  in	  imputed	  best-­‐guess	  genotypes	  for	  each	  
dataset	  using	  PLINK	  (maximum	  r2=0.2,	  window	  size=500kb,	  minimum	  MAF=10%,	  minimum	  INFO	  
score=0.7),	  and	  variants	  within	  regions	  of	  long-­‐range	  LD	  (including	  the	  MHC)	  excluded	  52.	  PRS	  were	  
then	  constructed	  from	  best-­‐guess	  genotypes	  using	  PLINK	  at	  10	  p-­‐value	  thresholds	  (PT=1,	  0.5,	  0.3,	  0.2,	  
0.1,	  0.05,	  0.01,	  1x10-­‐4,	  1x10-­‐6,	  5x10-­‐8).	  We	  used	  PT=0.05	  for	  our	  primary	  analyses,	  except	  for	  MDD,	  
where	  we	  used	  PT=0.5	  (see	  Supplementary	  Information).	  
	  
Regression	  of	  g	  on	  PRS	  and	  meta-­‐analysis	  
The	  relationships	  between	  g	  and	  PRS	  were	  analysed	  in	  each	  schizophrenia	  dataset	  using	  linear	  
regression	  in	  R,	  with	  age,	  sex	  and	  population	  principal	  components	  as	  covariates	  (see	  Supplementary	  
Table	  4).	  PRS	  and	  g	  were	  normalised	  to	  have	  a	  mean	  of	  0	  and	  a	  standard	  deviation	  of	  1,	  and	  so	  
resulting	  effect	  size	  estimates	  give	  the	  number	  of	  standard	  deviations	  change	  in	  g	  for	  1	  standard	  
deviation	  change	  in	  PRS.	  Results	  for	  each	  PRS	  were	  meta-­‐analysed	  across	  all	  datasets	  with	  a	  fixed-­‐
effects	  model	  using	  the	  metagen	  function	  in	  the	  ‘meta’	  package	  in	  R.	  I2	  values	  and	  random	  effects	  
meta-­‐analysis	  p-­‐values	  were	  also	  calculated	  to	  examine	  the	  extent	  of	  heterogeneity	  in	  our	  sample.	  
To	  ensure	  that	  the	  results	  were	  not	  biased	  by	  samples	  with	  a	  small	  number	  of	  available	  cognitive	  
tests,	  or	  by	  the	  use	  of	  WAIS	  IQ	  in	  place	  of	  g	  in	  the	  EUGEI	  sample,	  we	  also	  performed	  sensitivity	  
analyses	  which	  excluded	  the	  EUGEI	  sample,	  and	  also	  individuals	  from	  two	  of	  the	  samples	  
(Mannheim/Bonn	  and	  Ireland)	  for	  whom	  we	  had	  data	  for	  only	  two	  cognitive	  tests.	  Inclusion	  in	  the	  
regression	  model	  of	  an	  age	  by	  sex	  interaction	  term	  and	  a	  non-­‐linear	  effect	  of	  the	  age	  covariate	  
produced	  consistent	  results.	  
Power	  calculations	  for	  the	  PRS	  analyses	  are	  presented	  in	  Supplementary	  Information.	  For	  all	  training	  
sets	  except	  BD,	  our	  power	  to	  detect	  true	  effects	  was	  estimated	  to	  be	  over	  99%	  (Supplementary	  
Table	  3).	  	  
	  
Independent	  population	  samples	  
To	  examine	  whether	  the	  results	  for	  PRS	  predicting	  cognition	  in	  schizophrenia	  cases	  were	  comparable	  
to	  results	  in	  a	  population-­‐based	  sample,	  we	  tested	  the	  association	  between	  the	  IQ	  PRS	  (Savage	  et	  
al19)	  and	  IQ	  in	  an	  independent	  dataset,	  the	  second	  wave	  of	  the	  Biobank	  sample	  (n=91468,	  PT=0.05,	  
IQ	  measure:	  fluid	  intelligence	  score,	  UK	  Biobank	  field	  ID:	  20016).	  We	  also	  tested	  the	  association	  
between	  SZ	  PRS	  (Pardinas	  et	  al12)	  and	  IQ	  in	  the	  complete	  Biobank	  sample	  (n=133437,	  PT=0.05,	  see	  
Supplementary	  Information).	  
The	  analytic	  methods	  followed	  those	  of	  the	  main	  schizophrenia	  analysis	  and	  used	  population	  
principal	  components,	  age	  at	  cognitive	  assessment	  and	  sex	  as	  covariates	  (see	  Supplementary	  Table	  
4).	  UK	  Biobank	  analyses	  were	  conducted	  under	  project	  number	  13310.	  
	  
Results	  
Consistent	  with	  other	  similarly	  sized	  GWAS	  of	  complex	  traits,	  no	  variants	  reached	  a	  genome-­‐wide	  
level	  of	  significance	  for	  association	  with	  g.	  (Supplementary	  Figure	  1	  –	  Manhattan	  plot,	  
Supplementary	  Figure	  2	  –	  Q-­‐Q	  plot	  (λ=1.027),	  Supplementary	  Table	  5	  –	  top	  hits;	  results	  available	  at	  
https://walters.psycm.cf.ac.uk/	  ).	  
With	  respect	  to	  our	  primary	  hypotheses,	  we	  found	  no	  evidence	  to	  support	  the	  predictions	  of	  
hypothesis	  1,	  in	  that	  we	  observed	  no	  association	  between	  the	  schizophrenia	  PRS	  and	  g	  in	  
schizophrenia	  cases	  (Table	  2,	  Supplementary	  Figure	  3).	  Thus,	  in	  our	  sample,	  common	  variant	  liability	  
to	  schizophrenia	  was	  not	  associated	  with	  cognitive	  performance	  as	  measured	  by	  g.	  In	  contrast,	  a	  
significant	  positive	  relationship	  was	  found	  between	  g	  and	  PRS	  derived	  from	  both	  IQ	  (p=4.39x10-­‐28,	  
effect	  size=0.199)	  and	  educational	  attainment	  (p=1.27x10-­‐26,	  effect	  size=0.188),	  supporting	  
hypothesis	  2	  (Table	  2,	  Figure	  1	  and	  Supplementary	  Figure	  4).	  These	  effect	  sizes	  were	  larger	  in	  
magnitude	  than	  those	  observed	  for	  SZ,	  BD	  and	  MDD	  PRS,	  but	  somewhat	  smaller	  than	  those	  
observed	  for	  the	  association	  of	  IQ	  PRS	  and	  fluid	  intelligence	  in	  non-­‐psychotic	  individuals	  from	  the	  
independent	  UK	  Biobank	  samples	  (p<2.2x10-­‐16,	  effect	  size=0.327).	  Similar	  results	  were	  obtained	  
across	  differing	  p-­‐value	  thresholds	  (Supplementary	  Table	  6).	  	  
Sensitivity	  analysis	  following	  exclusion	  of	  the	  EUGEI	  samples	  (WAIS	  IQ	  was	  used	  instead	  of	  g)	  and	  
samples	  with	  data	  on	  only	  two	  cognitive	  tests	  were	  consistent	  with	  the	  primary	  analyses	  
(Supplementary	  Table	  7).	  Similar	  results	  were	  observed	  when	  random	  effects	  meta-­‐analysis	  was	  
used	  to	  minimise	  the	  effect	  of	  inter-­‐sample	  heterogeneity	  (Supplementary	  Table	  6).	  The	  magnitude	  
and	  pattern	  of	  results	  remained	  unchanged	  when	  the	  calculation	  of	  g	  used	  a	  traditional	  PCA	  
approach	  (thus	  excluding	  participants	  with	  any	  missing	  cognitive	  test	  data).	  SZ	  PRS	  significantly	  
predicted	  fluid	  intelligence	  in	  non-­‐psychotic	  individuals	  in	  the	  Biobank	  sample	  (p<2.2x10-­‐16,	  effect	  
size=-­‐0.137),	  though	  again	  with	  a	  smaller	  effect	  size	  than	  when	  using	  IQ	  PRS.	  
Secondary	  negative	  control	  analyses	  revealed	  no	  significant	  relationship	  between	  g	  and	  PRS	  for	  BD	  
or	  MDD	  (Table	  2;	  Supplementary	  Table	  6).	  
	  
Discussion	  
Here,	  we	  report	  a	  genome-­‐wide	  investigation	  of	  what	  is,	  to	  date,	  the	  largest	  schizophrenia	  sample	  
with	  both	  cognitive	  and	  genetic	  data.	  Given	  that	  much	  larger	  samples	  are	  generally	  required	  to	  yield	  
robust	  association	  signals	  for	  complex	  phenotypes,	  and	  that	  this	  is	  true	  for	  general	  cognition	  in	  
population	  samples23,	  our	  aim	  was	  not	  to	  implicate	  loci	  associated	  with	  cognition	  within	  
schizophrenia.	  Rather,	  our	  primary	  aim	  was	  to	  investigate	  the	  relationships	  between	  cognitive	  
performance	  in	  people	  with	  schizophrenia	  and	  common	  variant	  genetic	  liability	  to	  both	  
schizophrenia	  and	  to	  cognitive	  ability	  in	  the	  general	  population.	  	  
Specifically,	  we	  tested	  two	  primary	  hypotheses.	  First,	  under	  the	  hypothesis	  that	  variation	  in	  
cognitive	  impairment	  in	  schizophrenia	  is	  a	  function	  of	  the	  degree	  of	  liability	  to	  the	  disorder,	  with	  
greater	  impairment	  indicating	  greater	  liability,	  we	  predicted	  that	  the	  measure	  of	  liability	  to	  
schizophrenia	  would	  be	  negatively	  associated	  with	  cognitive	  performance	  in	  those	  with	  the	  disorder.	  	  
This	  hypothesis	  was	  not	  supported,	  as	  there	  was	  no	  significant	  relationship	  between	  schizophrenia	  
PRS	  and	  g,	  although	  we	  cannot	  exclude	  the	  possibility	  that	  a	  significant	  relationship	  will	  emerge	  with	  
further	  increases	  in	  sample	  size.	  The	  second	  hypothesis	  was	  that	  genetic	  variation	  in	  cognitive	  
performance	  in	  schizophrenia	  is	  essentially	  driven	  by	  factors	  that	  influence	  cognition	  in	  the	  general	  
population,	  leading	  to	  the	  prediction	  that	  cognition	  related	  PRS	  based	  on	  the	  general	  population	  
would	  be	  associated	  with	  cognition	  in	  those	  with	  schizophrenia.	  In	  contrast	  to	  hypothesis	  one,	  we	  
found	  strong	  evidence	  to	  support	  the	  prediction	  from	  hypothesis	  two,	  PRS	  for	  IQ	  and	  for	  educational	  
attainment	  (EA)	  being	  strongly	  associated	  with	  g	  in	  those	  with	  schizophrenia.	  	  As	  predicted	  we	  found	  
no	  evidence	  of	  association	  between	  liability	  to	  MDD	  or	  BPD	  and	  g.	  	  
Overall,	  our	  results	  suggest	  that	  alleles	  associated	  with	  IQ	  and	  EA	  in	  the	  general	  population	  make	  a	  
more	  important	  contribution	  to	  variance	  in	  cognition	  in	  those	  with	  schizophrenia	  than	  the	  alleles	  
that	  confer	  liability	  to	  schizophrenia	  per	  se.	  This	  interpretation,	  however,	  only	  holds	  if	  we	  assume	  
the	  schizophrenia	  PRS	  captures	  a	  similar,	  or	  greater,	  proportion	  of	  the	  liability	  to	  that	  disorder	  than	  
IQ	  and	  EA	  do	  for	  their	  respective	  traits.	  Previous	  studies	  have	  shown	  this	  assumption	  to	  be	  valid,	  
indeed	  the	  IQ	  PRS	  explains	  a	  smaller	  proportion	  of	  variance	  in	  IQ	  than	  the	  proportion	  of	  variance	  of	  
schizophrenia	  case	  status	  explained	  by	  the	  schizophrenia	  PRS	  (liability	  scale	  R2	  =	  0.052	  for	  IQ,	  0.07	  
for	  schizophrenia,	  0.106	  to	  0.127	  for	  educational	  attainment)13.	  Thus,	  the	  schizophrenia	  PRS	  is	  
actually	  better	  powered	  to	  test	  the	  impact	  of	  schizophrenia	  liability	  than	  the	  IQ	  PRS,	  allowing	  us	  to	  
conclude	  that	  differential	  power	  is	  unlikely	  to	  explain	  our	  finding.	  Furthermore	  the	  fact	  that	  the	  IQ	  
and	  EA	  PRS	  predict	  cognition	  in	  cases	  indicates	  that	  the	  failure	  to	  detect	  a	  relationship	  between	  
cognition	  and	  schizophrenia	  liability	  is	  not	  due	  to	  cognition	  measurement	  errors.	  Together,	  these	  
considerations	  support	  the	  hypothesis	  that	  variance	  in	  cognition	  in	  schizophrenia	  and	  in	  the	  general	  
population	  has	  common	  genetic	  causes.	  
We	  went	  on	  to	  examine	  whether	  the	  variance	  in	  cognition	  explained	  by	  the	  PRS	  for	  IQ	  was	  
quantitatively	  as	  well	  as	  qualitatively	  similar	  in	  people	  with	  schizophrenia	  compared	  to	  those	  drawn	  
from	  the	  wider	  population	  (Figure	  1).	  This	  showed	  that	  the	  IQ	  PRS	  explained	  less	  of	  the	  variance	  in	  
cognition	  in	  schizophrenia	  than	  in	  an	  independent	  population	  sample	  (UK	  Biobank	  -­‐	  UKBB53).	  We	  
consider	  this	  to	  be	  only	  an	  approximate	  comparison	  of	  variance;	  an	  accurate	  comparison	  would	  
require	  representative	  sampling	  at	  scale	  (population	  and	  case)	  and	  identical	  tests,	  neither	  condition	  
being	  met	  in	  our	  schizophrenia	  sample.	  The	  IQ	  PRS	  was	  derived	  in	  large	  part	  from	  the	  UKBB	  (wave	  1)	  
which	  also	  provided	  our	  (non-­‐overlapping)	  independent	  test	  dataset	  for	  the	  population	  IQ	  analysis	  
(wave	  2	  of	  UKBB).	  Thus	  the	  observation	  that	  the	  variance	  explained	  in	  schizophrenia	  cases	  is	  
modestly	  lower	  than	  in	  the	  UKBB	  population	  sample	  could	  be	  due,	  at	  least	  in	  part,	  to	  the	  more	  
uniform	  cognitive	  assessment	  and	  similarity	  of	  sample	  characteristics	  (more	  restricted	  age	  range	  and	  
demographics)	  in	  UKBB,	  which	  would	  serve	  to	  reduce	  unsystematic	  variation	  and	  increase	  power	  
relative	  to	  the	  analysis	  in	  SZ	  cases.	  However	  our	  result	  is	  also	  consistent	  with	  important	  
contributions	  to	  cognitive	  impairment	  in	  those	  with	  schizophrenia	  from	  factors	  that	  are	  illness-­‐
related;	  possible	  examples	  include	  delays	  in	  treatment,	  symptom	  severity	  and	  chronicity,	  pre-­‐	  and	  
post-­‐natal	  complications,	  social	  isolation,	  as	  well	  as	  drug	  exposures	  (therapeutic	  or	  abused)7-­‐9,	  54.	  	  
The	  fact	  that	  schizophrenia	  polygenic	  alleles	  en	  masse	  are	  not	  associated	  with	  variation	  in	  cognition	  
in	  those	  with	  schizophrenia	  does	  not	  contradict	  previous	  findings	  that	  individual	  schizophrenia	  risk	  
alleles	  or	  genes	  influence	  cognition	  or	  educational	  attainment17,	  indeed	  we	  and	  others	  have	  
reported	  consistent	  negative	  associations	  between	  schizophrenia	  PRS	  and	  performance	  on	  specific	  
cognitive	  domains	  and	  educational	  attainment	  in	  population	  samples23,	  25,	  and	  show	  here	  that	  
schizophrenia	  PRS	  shows	  a	  negative	  association	  with	  cognition	  in	  the	  UKBB.	  The	  fact	  that	  we	  did	  not	  
detect	  a	  similar	  negative	  association	  in	  cases	  may	  be	  partly	  attributable	  to	  the	  schizophrenia	  
samples	  effectively	  having	  been	  selected	  for	  high	  schizophrenia	  PRS	  and	  thus	  attenuating	  our	  power	  
to	  examine	  whether	  variation	  in	  schizophrenia	  PRS	  is	  associated	  with	  cognition.	  In	  order	  to	  examine	  
this	  as	  a	  potential	  explanation	  of	  our	  results	  we	  plotted	  the	  distributions	  and	  calculated	  metrics	  of	  
normality	  for	  both	  the	  schizophrenia	  and	  IQ	  PRS	  (Supplementary	  figures	  5	  and	  6).	  These	  distributions	  
and	  metrics	  are	  very	  similar	  between	  the	  schizophrenia	  and	  IQ	  PRS	  and	  are	  not	  suggestive	  of	  a	  
restricted	  distribution,	  hence,	  whilst	  a	  theoretical	  concern,	  the	  distribution	  of	  schizophrenia	  PRS	  
seems	  unlikely	  to	  explain	  our	  findings.	  	  
Our	  findings	  thus	  argue	  against	  universal	  pleiotropy	  for	  schizophrenia	  alleles	  and	  cognition.	  
Nonetheless	  our	  results	  do	  not	  suggest	  that	  schizophrenia	  risk	  alleles	  have	  no	  role	  in	  cognition;	  that	  
seems	  unlikely	  given	  the	  highly	  significant	  relationship	  between	  schizophrenia	  PRS	  and	  case/control	  
status	  and	  the	  similarly	  robust	  cognitive	  impairments	  in	  cases	  relative	  to	  controls.	  Robust	  
associations	  between	  SZ	  PRS	  and	  cognition	  in	  the	  general	  population,	  as	  we	  confirm,	  are	  further	  
evidence	  against	  this.	  Rather,	  our	  findings	  suggest	  that	  the	  effect	  of	  schizophrenia	  risk	  alleles	  on	  
cognition	  is	  well	  captured	  by	  the	  schizophrenia	  diagnosis.	  In	  other	  words	  the	  schizophrenia	  PRS	  may	  
contribute	  more	  to	  case	  control	  cognitive	  differences	  than	  it	  does	  to	  variance	  of	  cognition	  within	  
cases	  which	  is	  the	  subject	  of	  this	  study.	  The	  impact	  of	  schizophrenia	  alleles	  on	  cognitive	  functioning	  
within	  cases	  must	  be	  small	  or	  absent,	  and	  is	  certainly	  considerably	  less	  than	  the	  effect	  of	  alleles	  that	  
contribute	  to	  IQ	  and	  EA	  PRS.	  
We	  acknowledge	  some	  limitations	  of	  our	  study	  design.	  Cross-­‐sample	  cognitive	  analyses	  typically	  are	  
hampered	  by	  differing	  test	  battery	  selection	  and	  administration.	  	  In	  the	  present	  study,	  we	  sought	  to	  
mitigate	  this	  by	  using	  g	  as	  a	  cognitive	  metric,	  which	  allows	  the	  incorporation	  of	  samples	  that	  use	  a	  
diverse	  set	  of	  cognitive	  tests	  and	  has	  the	  benefit	  of	  ease	  of	  interpretation	  and	  comparison	  within	  
and	  between	  studies.	  Despite	  this,	  heterogeneous	  effects	  related	  to	  test	  administration	  and	  sample	  
ascertainment	  present	  challenges	  to	  combining	  cognitive	  data	  cross-­‐site	  although	  our	  findings	  
suggest	  validity	  to	  our	  methods	  given	  the	  concordant	  results	  with	  equivalent	  population	  IQ	  studies.	  
By	  conducting	  within	  sample	  PRS	  cognition	  analysis	  followed	  by	  meta-­‐analysis	  we	  also	  avoided	  the	  
need	  to	  directly	  combine	  cognitive	  test	  results	  across	  samples.	  	  It	  is	  further	  reassuring	  that	  the	  
subsets	  of	  our	  data	  do	  not	  show	  large	  amounts	  of	  variation	  in	  terms	  of	  the	  relationship	  between	  PRS	  
and	  g	  (see	  forest	  plots	  in	  Supplemental	  Figures	  3-­‐4),	  and	  that	  cognitive	  PRS	  was	  in	  fact	  associated	  
with	  g	  in	  our	  sample.	  	  Our	  study	  does	  not	  address	  the	  contribution	  of	  rare	  high-­‐penetrance	  variants,	  
however,	  while	  rare	  CNVs	  and	  loss	  of	  function	  mutations	  clearly	  influence	  cognition	  and	  disorder	  
liability,	  those	  that	  are	  currently	  known	  to	  do	  so	  are	  cumulatively	  so	  rare	  (2-­‐3%	  of	  cases)	  that	  they	  
cannot	  contribute	  substantially	  to	  cognitive	  variance	  in	  the	  population	  of	  cases55,	  56.	  	  Finally,	  we	  note	  
our	  sample	  lacks	  matched	  healthy	  controls	  for	  whom	  similar	  cognitive	  data	  have	  been	  obtained,	  and	  
therefore	  we	  cannot	  directly	  evaluate	  to	  what	  extent	  the	  cognitive	  PRS	  explains	  the	  average	  
cognitive	  differences	  between	  those	  with	  and	  without	  the	  disorder.	  	  Despite	  the	  limitations	  of	  
polygenic	  analysis	  with	  current	  sample	  sizes	  in	  explaining	  variance	  explained,	  it	  is	  unlikely	  that	  the	  
major	  differences	  in	  cognition	  (1	  to	  2	  standard	  deviations)	  seen	  between	  schizophrenia	  cases	  and	  
healthy	  controls	  are	  explained	  by	  common	  genetic	  factors	  alone	  and	  that	  rare	  genetic	  variants	  and	  
non-­‐genetic	  exposures	  are	  likely	  to	  have	  important	  roles	  in	  aetiology.	  
In	  conclusion,	  the	  existence	  of	  a	  genetic	  contribution	  to	  cognition	  in	  schizophrenia	  that	  is	  not	  
secondary	  to	  the	  disorder	  per	  se	  has	  previously	  been	  inferred	  from	  findings	  that	  at	  least	  some	  of	  the	  
cognitive	  impairment	  in	  people	  with	  schizophrenia	  predates	  the	  onset	  of	  the	  condition	  10,	  and	  by	  the	  
fact	  that	  cognitive	  impairments	  are	  observed,	  albeit	  in	  a	  milder	  form,	  in	  relatives	  of	  those	  with	  
schizophrenia57.	  We	  now	  extend	  these	  findings,	  showing	  for	  the	  first	  time	  that	  polygenic	  
contribution	  to	  cognition	  overlaps	  in	  population	  and	  schizophrenia	  samples.	  We	  further	  show	  that	  in	  
those	  with	  schizophrenia,	  variance	  in	  cognition	  is	  substantially	  independent	  of	  common	  variant	  
liability	  to	  the	  disorder.	  This	  is	  important	  as	  it	  suggests	  the	  underlying	  biology	  of	  variation	  in	  
cognition	  in	  schizophrenia	  will	  at	  least	  in	  part	  be	  elucidated	  through	  gaining	  insights	  into	  the	  genetic	  
basis	  of	  cognition	  in	  population	  samples,	  and	  that	  such	  characterisation	  may	  provide	  insights	  to	  
inform	  the	  development	  of	  therapeutics	  for	  cognitive	  deficits	  in	  schizophrenia.	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PAGES	   Yes	   Germany	   148	   37	   39	   19-­‐70	  
CATIE	   Yes	   USA	   350	   23	   43	   18-­‐65	  
Hubin	   Yes	   Sweden	   77	   30	   45	   25-­‐70	  
TOP	   Yes	   Norway	   286	   43	   29	   17-­‐62	  
GROUP	  sample	  1	  
Yes	   Netherlands	   309	   23	   25	   16-­‐52	  
GROUP	  sample	  2	  
Yes	   Netherlands	   119	   24	   25	   15-­‐45	  
Ireland	  (PGC	  
samples)	  
Yes	   Ireland	   346	   28	   42	   17-­‐69	  
Ireland	  
(additional	  
samples)	  
No	   Ireland	   159	   35	   43	   19-­‐67	  
EU-­‐GEI	  Work	  
Package	  2	  
No	  
France,	  Italy,	  
Spain,	  
Netherlands,	  
UK	  
156	   28	   30	   17-­‐59	  
Cardiff	  Cognition	  
No	   UK	   648	   38	   43	   17-­‐74	  
	  
Table	  1.	  Sample	  size	  and	  details	  of	  datasets	  included	  in	  study.	  PGC=Psychiatric	  Genomics	  
Consortium,	  PAGES=Phenomics	  and	  Genomics	  Sample,	  CATIE=Clinical	  Antipsychotic	  Trials	  for	  
Intervention	  Effectiveness,	  TOP=Tematisk	  omrade	  psykoser,	  GROUP=Genetic	  Risk	  and	  Outcome	  of	  
Psychosis,	  EU-­‐GEI=European	  Union	  Gene	  Environment	  Interaction.	  Number	  of	  study	  participants	  
refers	  to	  those	  with	  genomic,	  phenotypic	  and	  covariate	  data.	  
	  Training	  set	  
P-­‐value	  
threshold	   Effect	  size	  
Standard	  
error	   P-­‐value	  
Schizophrenia	  	   0.05	   -­‐0.017	   0.019	   0.386	  
Bipolar	  disorder	   0.05	   -­‐0.012	   0.018	   0.509	  
Major	  depression	   0.5	   -­‐0.013	   0.018	   0.488	  
IQ	   0.05	   0.199	   0.018	   4.39E-­‐28	  
Educational	  attainment	   0.05	   0.188	   0.018	   1.27E-­‐26	  
	  
Table	  2.	  Meta-­‐analysis	  of	  regression	  of	  g	  on	  PRS	  
	  Figures	  
	  
Figure	  1.	  Forest	  plot	  showing	  effect	  sizes	  and	  confidence	  intervals	  for	  regression	  of	  g	  on	  IQ	  polygenic	  
risk	  score	  (age,	  sex	  and	  population	  principal	  component	  covariates	  also	  included	  in	  model)	  in	  
schizophrenia	  case	  samples	  and	  an	  independent	  IQ	  sample.	  Effect	  sizes	  based	  on	  standardised	  
values	  of	  g/IQ	  and	  PRS	  (i.e.	  number	  of	  standard	  deviations	  change	  in	  g/IQ	  that	  occurs	  with	  1	  
standard	  deviation	  change	  in	  PRS).	  Lower	  panel	  shows	  regression	  of	  IQ	  on	  IQ	  polygenic	  risk	  score	  in	  
an	  independent	  population	  dataset,	  the	  second	  wave	  of	  the	  UK	  Biobank	  (n=91468).	  
	  
Supplementary	  Information	  
Neuropsychological	  assessment	  
Hubin	  Sample	  
Cognitive	  ability	  was	  assessed	  using	  the	  Cognitive	  Performance	  Indicator	  (CPI),	  a	  brief	  semi-­‐
computerized	  battery.	  Of	  CPI’s	  six	  domains,	  five	  were	  included	  in	  the	  following	  study	  using	  the	  
following	  tasks:	  	  
1.   Speed	  of	  processing	  (Trail	  Making	  Test:	  Part	  A	  and	  B)	  	  
2.   Working	  memory	  (Letter-­‐Number	  Span)	  
3.   Attention	  /	  vigilance	  (Continuous	  Performance	  Test:	  Identical	  Pairs)	  
4.   Verbal	  learning	  (Rey	  Auditory	  Verbal	  Learning	  Test	  (total))	  
5.   Executive	  functioning	  (Wisconsin	  Card	  Sorting	  Test	  (64	  card	  version):	  	  
	  
Cases	  were	  recruited	  from	  northwestern	  Stockholm	  County	  and	  ascertainment	  has	  been	  described	  
previously1-­‐6.	  Cases	  gave	  informed	  consent	  and	  the	  human	  subjects	  protocol	  was	  approved	  by	  the	  
ethical	  committees	  of	  the	  Karolinska	  Hospital	  and	  the	  Stockholm	  Regional	  Ethical	  Committee.	  
Controls	  were	  recruited	  either	  among	  subjects	  previously	  participating	  in	  biological	  research	  at	  the	  
Karolinska	  Institute	  or	  drawn	  from	  a	  representative	  register	  of	  the	  population	  of	  Stockholm	  County2.	  
All	  participants	  provided	  informed	  consent.	  
	  
TOP	  sample	  
Cognitive	  ability	  was	  assessed	  with	  a	  3	  h	  test	  battery.	  Tests	  from	  multiple	  domains	  of	  cognition	  were	  
used	  to	  calculate	  g,	  including:	  	  
1.   Speed	  of	  processing	  (WAIS	  Digit-­‐Symbol	  Coding)7	  
2.   Working	  memory	  (WAIS	  -­‐	  Digit	  Span	  Test)7	  
3.   Verbal	  memory	  (CVLT-­‐II,	  WASI	  Vocabulary)8,	  9	  
4.   Visual	  memory	  (WASI	  Block	  Design)9	  
5.   Executive	  function	  (WASI	  Matrix	  Reasoning	  9	  
	  
Participants	  were	  recruited	  as	  part	  of	  a	  large	  ongoing	  study	  on	  schizophrenia	  and	  bipolar	  disorder,	  
the	  Thematic	  Organized	  Psychosis	  Research	  (TOP)	  Study,	  which	  is	  run	  from	  the	  University	  Hospitals	  
in	  Oslo,	  Norway10.	  They	  were	  recruited	  from	  out-­‐patient	  and	  in-­‐patient	  psychiatric	  units	  at	  four	  
University	  Hospitals	  in	  Oslo,	  Norway.	  The	  health	  care	  system	  is	  catchment	  area	  based,	  free	  of	  
charge,	  and	  no	  other	  psychiatric	  health	  care	  provider	  exists.	  The	  patients	  were	  invited	  to	  participate	  
in	  the	  study	  by	  the	  clinician	  responsible	  for	  their	  treatment.	  Healthy	  control	  participants	  were	  
randomly	  selected	  from	  national	  statistical	  records	  from	  the	  same	  catchment	  area	  and	  contacted	  by	  
letter	  inviting	  them	  to	  participate.	  Exclusion	  criteria	  for	  all	  groups	  were:	  IQ	  score	  below	  70,	  
hospitalized	  head	  injury,	  neurological	  disorder,	  unstable	  or	  uncontrolled	  medical	  condition	  that	  
interferes	  with	  brain	  function	  (including	  hypothyroidism,	  uncontrolled	  hypertension	  and	  diabetes),	  
outside	  the	  age	  range	  17-­‐65	  years.	  To	  assure	  valid	  neurocognitive	  test	  performance	  all	  participants	  
had	  to	  have	  Norwegian	  as	  their	  first	  language	  or	  have	  received	  their	  compulsory	  schooling	  in	  
Norway,	  and	  had	  to	  score	  ≥15	  on	  the	  forced	  recognition	  trial	  in	  the	  California	  Verbal	  Learning	  Test	  
(CVLT-­‐II)8.	  Neurocognitive	  assessment	  was	  carried	  out	  by	  psychologists	  trained	  in	  standardized	  
neuropsychological	  testing.	  The	  test	  battery	  was	  administered	  in	  a	  fixed	  order	  with	  two	  breaks	  with	  
refreshments.	  	  
	  
Bonn-­‐Mannheim	  Sample	  
Patients	  from	  Bonn	  and	  Mannheim	  were	  collected	  within	  the	  MooDS	  Consortium	  and	  were	  
ascertained	  as	  previously	  described11.	  The	  study	  was	  carried	  out	  according	  to	  the	  ethical	  standards	  
from	  Declaration	  of	  Helsinki.	  All	  participants	  gave	  written	  informed	  consent	  and	  the	  local	  ethics	  
committees	  approved	  the	  study.	  Subjects	  were	  also	  part	  of	  the	  PGC	  schizophrenia	  data	  set12.	  	  
The	  applied	  instruments	  to	  assess	  cognitive	  ability	  differed	  between	  subsets	  of	  the	  sample.	  The	  
present	  study	  used	  data	  from	  following	  domains	  and	  measures:	  	  
1.   Speed	  of	  processing:	  
Trail	  Making	  Test	  -­‐	  Part	  A13	  
	  
2.   Executive	  function:	  
Trail	  Making	  Test	  -­‐	  Part	  B13	  
3.   Working	  memory:	  
Letter-­‐Number	  Span14	  
	  
4.   Verbal	  learning:	  
Verbal	  learning	  and	  memory	  test	  (VLMT)15	  
	  
Scores	  from	  these	  tests	  were	  used	  to	  derive	  g.	  
	  
GROUP	  cognitive	  dataset	  
Neuropsychological	  assessments	  were	  administered	  in	  a	  fixed	  order	  over	  a	  testing	  time	  of	  two	  
hours16-­‐18.	  These	  tests	  included:	  
1.   Word	  learning	  task18	  
2.   WAIS-­‐III	  Digit	  Symbol	  Substitution	  test17	  
3.   WAIS-­‐III	  Information	  test17	  
4.   WAIS-­‐III	  Arithmetic	  test17	  
5.   WAIS-­‐III	  Block	  Design	  test17	  
These	  tests	  cover	  the	  majority	  of	  MATRICS	  domains,	  and	  the	  scores	  from	  them	  were	  used	  to	  derive	  
g.	  
	  CATIE	  cognitive	  dataset	  
Cognitive	  ability	  was	  assessed	  using	  a	  selection	  of	  neurocognitive	  assessments	  chosen	  by	  an	  expert	  
panel19,	  20.	  Education	  level	  and	  the	  WRAT-­‐III	  Reading	  subtest	  were	  administered.	  The	  following	  
neurocognitive	  tests	  were	  administered.	  
1.	  Controlled	  Oral	  Word	  Association	  Test	  (Phonological	  Fluency)21	  
2.	  Semantic	  fluency	  (fruits,	  animals,	  vegetables	  categories)21	  
3.	  Wechsler	  Intelligence	  Scale	  for	  Children-­‐third	  edition	  (WISC-­‐m)	  Mazes22	  
4.	  Letter-­‐Number	  Span	  Test14	  
5.	  Hopkins	  Verbal	  Learning	  Test23	  	  
6.	  WAIS-­‐R	  Digit	  Symbol	  Test24	  
For	  each	  task,	  standardised	  z	  scores	  were	  derived	  by	  setting	  the	  mean	  of	  each	  measure	  to	  0	  and	  the	  
standard	  deviation	  to	  1	  (across	  the	  whole	  patient	  sample)20.	  For	  selected	  measures,	  the	  performance	  
of	  patients	  in	  this	  sample	  was	  compared	  to	  normative	  data	  derived	  from	  the	  general	  population.	  
Scores	  from	  these	  six	  tests	  were	  then	  used	  to	  derive	  g.	  
	  
Irish	  cognition	  dataset	  
Participants	  completed	  a	  full	  neuropsychological	  battery	  of	  measures	  to	  evaluate	  the	  cognitive	  
deficits	  typically	  reported	  in	  schizophrenia	  (general	  cognitive	  function,	  episodic	  and	  working	  
memory,	  attention,	  and	  social	  cognition).	  These	  tests	  included:	  
1.   WAIS-­‐III	  Vocabulary	  test17	  
2.   WAIS-­‐III	  Letter-­‐Number	  sequencing	  test17	  
3.   WMS-­‐III	  Logical	  Memory	  test17	  
Scores	  from	  these	  tests	  were	  used	  to	  derive	  g.	  
	  
Cardiff	  cognition	  dataset	  	  
Cognitive	  ability	  was	  assessed	  using	  the	  Measurement	  and	  Treatment	  Research	  to	  Improve	  
Cognition	  in	  Schizophrenia	  (MATRICS)	  Consensus	  Cognitive	  Battery	  (MCCB)25,	  26.	  	  Excluding	  the	  social	  
cognition	  domain,	  the	  MCCB	  measures	  seven	  domains	  of	  cognition	  using	  nine	  tasks:	  	  
1.	   Speed	  of	  processing	  (Brief	  Assessment	  of	  Cognition	  in	  Schizophrenia:	  Symbol	  Coding;	  
Semantic	  Fluency:	  Animals;	  Trail	  Making	  Test:	  Part	  A)	  	  
2.	   Working	  memory	  (Wechsler	  Memory	  Scale	  III:	  Spatial	  Span;	  Letter-­‐Number	  Span)	  
3.	   Attention	  /	  vigilance	  (Continuous	  Performance	  Test:	  Identical	  Pairs)	  
4.	   Verbal	  learning	  (Hopkins	  Verbal	  Learning	  Test-­‐Revised)	  
5.	   Visual	  learning	  (Brief	  Visuospatial	  Memory	  Test-­‐Revised)	  
6.	   Executive	  function	  (Neuropsychological	  Assessment	  Battery:	  Mazes)	  
For	  each	  task,	  z	  scores	  were	  derived	  using	  the	  mean	  and	  standard	  deviation	  of	  the	  control	  group	  
(50%	  males,	  mean	  age	  =	  41.7	  years).	  These	  scores	  were	  then	  used	  to	  derive	  the	  g	  measure	  of	  
generalised	  cognition	  as	  described	  below.	  	  
	  
PAGES	  —	  Phenomics	  and	  Genomics	  Sample	  cognitive	  dataset	  
Within	  PAGES	  (Phenomics	  and	  Genomics	  Sample;	  combined	  samples	  from	  Munich	  and	  Halle,	  
Germany)27,	  unrelated	  outpatients	  or	  stable	  inpatients	  with	  a	  diagnosis	  of	  schizophrenia	  were	  
ascertained	  from	  mental	  health	  services	  in	  the	  Munich.	  All	  participants	  were	  unrelated	  Caucasian	  
middle	  Europeans.	  Detailed	  medical	  and	  psychiatric	  histories	  were	  collected,	  including	  the	  
Structured	  Clinical	  Interview	  for	  DSM-­‐IV	  (SCID),	  to	  evaluate	  lifetime	  Axis	  I	  and	  II	  diagnoses28,	  29.	  
Exclusion	  criteria	  included	  a	  history	  of	  head	  injury	  or	  neurological	  diseases.	  Participants	  were	  also	  
rated	  for	  life	  time	  symptom	  severity	  using	  the	  PANSS30.	  Included	  patients	  were	  also	  part	  of	  the	  
Psychiatric	  Genomics	  Consortium	  Schizophrenia	  Working	  Group	  dataset12.	  	  
Written	  informed	  consent	  was	  obtained	  from	  all	  participants.	  The	  study	  was	  approved	  by	  the	  local	  
ethics	  committee	  of	  the	  Ludwig-­‐Maximilians-­‐University,	  Munich,	  Germany	  and	  carried	  out	  according	  
to	  the	  ethical	  standards	  from	  Declaration	  of	  Helsinki.	  
All	  patients	  completed	  an	  extensive	  neuropsychological	  battery	  including	  the	  following	  tests:	  
1.	   Speed	  of	  processing:	  
Semantic	  (categories:	  food,	  animals)	  and	  phonemic	  verbal	  fluency	  (number	  of	  words	  starting	  with	  
the	  letter	  S	  (P)	  in	  60s),	  German	  version	  of	  the	  fluency	  test31	  
2.	   Attention	  and	  vigilance	  
3-­‐7	  Continuous	  Performance	  Test	  (d-­‐prime,	  hits,	  false	  alarms)32	  
3.	   Verbal	  learning	  and	  memory	  
German	  version	  of	  the	  California	  verbal	  learning	  test	  (CVLT/VLMT)	  (immediate,	  delayed	  recall:	  raw	  
score	  across	  5	  trials)33	  
4.	   Executive	  functioning	  
Tower	  of	  London	  (total	  time	  across	  all	  trials)34	  
	  
EU-­‐GEI	  sample	  
An	  abbreviated	  version	  of	  the	  WAIS,	  adapted	  from	  the	  most	  recent	  version	  available	  in	  each	  country	  
was	  used	  in	  cases	  and	  controls	  in	  order	  to	  estimate	  IQ	  scores35.	  All	  versions	  included	  Digit	  Symbol	  
substitution,	  Arithmetic,	  Block	  Design	  and	  Information	  subtests	  from	  which	  raw	  and	  scaled	  scores	  
were	  derived.	  An	  estimated	  sum	  of	  full	  IQ	  scaled	  scores	  was	  calculated	  from	  the	  sum	  of	  available	  
scaled	  scores	  (11/4*sum	  of	  scaled	  scores)	  and	  then	  converted	  to	  IQ,	  by	  using	  appropriate	  tables,	  
standardized	  for	  each	  country.	  WAIS	  full	  scale	  IQ	  was	  derived	  from	  four	  subtests	  that	  are	  also	  able	  to	  
estimate	  cognitive	  domains,	  described	  as	  follows36:	  
1.   Block	  Design:	  Visuo-­‐spatial	  learning	  and	  memory	  
2.   Arithmetic:	  Working	  memory	  
3.   Digit	  Symbol	  Substitution:	  Processing	  speed	  
4.   Information:	  Verbal	  learning	  and	  memory	  
	  
Exclusion	  of	  outlier	  cognitive	  test	  scores	  
All	  outlier	  test	  scores	  (those	  outside	  three	  standard	  deviations	  of	  the	  mean)	  were	  manually	  checked	  
and	  excluded	  if	  they	  appeared	  invalid	  based	  on	  the	  ranges	  of	  possible	  scores	  on	  a	  particular	  test	  or	  if	  
the	  score	  was	  inconsistent	  with	  scores	  on	  other	  tests	  (i.e.	  scores	  outside	  two	  standard	  deviations	  of	  
the	  mean	  from	  other	  tests).	  	  
	  
Genotyping,	  genotype	  quality	  control	  and	  imputation	  of	  EUGEI	  and	  additional	  Irish	  samples	  
These	  were	  genotyped	  at	  the	  MRC	  Centre	  for	  Neuropsychiatric	  Genetics	  and	  Genomics	  in	  Cardiff	  
(UK)	  using	  a	  custom	  Illumina	  HumanCoreExome-­‐24	  BeadChip	  genotyping	  array	  covering	  570,038	  
genetic	  variants25.	  SNP	  quality	  control	  exclusion	  parameters	  were:	  missingness	  >2%,	  Hardy	  Weinberg	  
Equilibrium	  p<10-­‐6.	  Samples	  with	  >2%	  missingness,	  heterozygosity	  Fhet	  >0.14	  or	  <-­‐0.11,	  who	  failed	  
gender	  checks	  or	  who	  clustered	  with	  non-­‐European	  samples	  in	  PCA	  analysis	  were	  excluded,	  as	  were	  
one	  member	  of	  each	  pair	  with	  a	  relatedness	  coefficient	  above	  0.2.	  Genotypes	  were	  imputed	  on	  the	  
Michigan	  Imputation	  Server	  using	  the	  Haplotype	  Reference	  Consortium	  reference	  panel	  (version	  1.1)	  
and	  the	  programs	  Eagle	  for	  haplotype	  phasing	  and	  Minimac3	  for	  imputation37-­‐39.	  After	  imputation,	  
variants	  with	  an	  imputation	  r2	  >	  0.6,	  MAF	  >	  0.1%	  and	  missingness	  <	  1%	  were	  retained	  for	  further	  
analysis.	  
	  
Genotyping,	  genotype	  quality	  control	  and	  imputation	  of	  CardiffCOGS	  samples	  
The	  CardiffCOGS	  samples	  were	  genotyped	  on	  Illumina	  HumanOmniExpress-­‐12	  and	  
OmniExpressExome-­‐8	  arrays	  and	  then	  quality	  controlled	  as	  previously	  described40.	  SNP	  quality	  
control	  exclusion	  parameters	  were:	  missingness	  >2%	  and	  Hardy	  Weinberg	  Equilibrium	  p<10-­‐6.	  
Samples	  with	  >2%	  missingness,	  who	  failed	  gender	  checks	  or	  who	  appeared	  non-­‐European	  in	  PCA	  
analysis	  were	  excluded,	  as	  were	  one	  member	  of	  each	  pair	  with	  a	  relatedness	  coefficient	  above	  0.2.	  
The	  dataset	  was	  imputed	  using	  the	  1000	  Genomes	  phase	  3	  reference	  panel	  with	  the	  programs	  
SHAPEIT	  for	  haplotype	  phasing	  and	  IMPUTE2	  for	  imputation41-­‐43.	  Variants	  with	  INFO	  >0.3	  and	  MAF	  
>0.1%	  were	  retained	  for	  further	  analysis.	  
	  
	  
Choice	  of	  PT	  threshold	  for	  primary	  analysis	  
Schizophrenia	  PRS	  using	  PT=0.05	  is	  the	  median	  and	  modal	  threshold	  that	  maximally	  explains	  variance	  
in	  schizophrenia	  case/control	  status	  in	  the	  leave-­‐one-­‐out	  analysis	  in	  the	  PGC2	  SZ	  study12.	  Similarly,	  
bipolar	  disorder	  PRS	  using	  PT=0.05	  explained	  the	  most	  variance	  in	  bipolar	  disorder	  case/control	  
status	  in	  any	  leave-­‐one-­‐out	  analysis	  in	  the	  PGC	  BD	  study44.	  Hence,	  PT=0.05	  was	  used	  for	  the	  primary	  
analysis	  in	  SZ	  and	  BD.	  In	  the	  PGC	  major	  depressive	  disorder	  GWAS,	  PT=0.5	  explained	  the	  most	  
variance	  in	  all	  the	  replication	  analyses	  and	  so	  was	  used	  for	  the	  primary	  analysis45.	  	  
In	  the	  IQ	  study,	  IQ	  PRS	  using	  PT=0.058	  explained	  the	  most	  variance	  in	  their	  largest	  replication	  
analysis	  46.	  The	  closest	  threshold	  we	  examined	  was	  PT=0.05,	  so	  we	  used	  this	  as	  our	  primary	  analysis.	  
In	  the	  educational	  attainment	  study,	  only	  PT=1,	  5x10-­‐8,	  5x10-­‐5	  and	  5x10-­‐3	  were	  used	  in	  replication	  
analyses,	  with	  the	  most	  variance	  being	  explained	  by	  PT=1	  and	  PT=5x10-­‐3	  47.	  As	  PT=0.05	  fell	  between	  
these	  two	  values	  and	  we	  wished	  to	  treat	  EA	  and	  IQ	  in	  a	  parallel	  manner	  given	  their	  phenotypic	  
similarities,	  we	  used	  PT=0.05	  for	  the	  primary	  analysis	  of	  EA.	  
	  
PRS	  power	  calculations	  
The	  R	  package	  AVENGEME	  was	  used	  to	  estimate	  the	  expected	  power	  of	  the	  PRS	  of	  the	  training	  sets	  
to	  predict	  cognition	  in	  a	  dataset	  this	  size48,	  49,	  under	  the	  assumptions	  that	  cognitive	  variation	  in	  cases	  
has	  similar	  heritability	  and	  cross-­‐trait	  genetic	  correlations	  as	  IQ	  in	  the	  general	  population.	  These	  
assumptions,	  which	  essentially	  correspond	  to	  power	  to	  test	  hypothesis	  2,	  were	  required	  as	  little	  is	  
known	  about	  the	  relevant	  parameters	  within	  cases.	  For	  all	  training	  sets	  except	  BD,	  our	  power	  to	  
detect	  true	  effects	  was	  estimated	  to	  be	  over	  99%	  (Supplementary	  Table	  3).	  For	  BD,	  the	  lower	  genetic	  
correlation	  with	  cognition	  meant	  our	  estimated	  power	  was	  10.8%.	  	  
	  
Defining	  schizophrenia,	  bipolar	  disorder	  and	  psychotic	  disorder	  in	  UK	  Biobank	  Wave	  2	  sample	  
Samples	  with	  a	  diagnosis	  of	  bipolar	  disorder,	  schizophrenia,	  or	  other	  psychosis	  were	  excluded	  from	  
UK	  Biobank	  Wave	  2	  PRS	  analysis.	  We	  searched	  for	  evidence	  of	  a	  diagnosis	  of	  schizophrenia,	  bipolar	  
affective	  disorder,	  and	  psychotic	  disorder	  from	  numerous	  sources	  within	  UK	  Biobank.	  Individuals	  
were	  classed	  as	  having	  one	  of	  these	  disorders	  if	  there	  was	  any	  indication	  from	  any	  of	  the	  following	  
sources	  (i)	  self-­‐reported	  diagnosis	  at	  the	  assessment	  centre	  interview	  (UKBB	  field	  ID:	  20002),	  (ii)	  an	  
ICD-­‐10	  primary	  (UKBB	  field	  ID:	  41202)	  or	  secondary	  (UKBB	  field	  ID:	  41204)	  diagnosis	  from	  linked	  
hospital	  records,	  (iii)	  an	  ICD-­‐10	  diagnosis	  from	  death	  records	  (UKBB	  field	  IDs:	  40001	  and	  40002),	  or	  
(iv)	  a	  self-­‐reported	  diagnosis	  by	  a	  professional	  in	  the	  mental	  health	  questionnaire	  (MHQ)	  (UKBB	  field	  
ID:	  20544).	  The	  ICD-­‐10	  codes	  used	  for	  schizophrenia	  included	  F20	  and	  F25,	  for	  bipolar	  affective	  
disorder	  we	  included	  F30	  and	  F31,	  and	  for	  psychotic	  disorder	  we	  included	  F21,	  F22,	  F23,	  F28	  and	  
F29.	  
	  
Constructing	  IQ	  PRS	  in	  UK	  Biobank	  Wave	  2	  sample	  
The	  training	  set	  for	  the	  IQ	  PRS	  in	  Biobank	  was	  a	  version	  of	  Savage	  et	  al	  with	  Biobank	  samples	  
excluded46.	  The	  training	  set	  for	  the	  SZ	  PRS	  was	  taken	  from	  Pardinas	  et	  al40.	  The	  PRS	  was	  calculated	  in	  
PRSice	  (v2)	  using	  imputation	  dosage	  data	  for	  each	  UK	  Biobank	  participant	  that	  passed	  QC	  
measures50.	  One	  member	  from	  each	  related	  pair	  with	  a	  kinship	  coefficient	  >	  0.15	  was	  excluded	  at	  
random	  and	  analyses	  were	  restricted	  to	  individuals	  with	  European	  genetic	  ancestry.	  We	  selected	  
high	  quality	  SNPs	  to	  calculate	  the	  PRS:	  INFO	  >	  0.9,	  MAF	  >	  0.1,	  missingness	  <	  0.05,	  Hardy-­‐Weinberg	  
equilibrium	  (HWE)	  <	  1	  x	  10-­‐6,	  removed	  indels,	  and	  excluded	  the	  extended	  MHC	  region	  (25	  MB	  –	  35	  
MB).	  A	  reference	  panel	  of	  1000	  randomly	  selected	  UK	  Biobank	  participants	  was	  used	  to	  obtain	  
relatively	  independent	  SNPs	  (r2	  <	  0.2,	  window	  size	  <	  500kb).	  	  
	  	  
Supplementary	  Figures	  
	  
Supplementary	  Figure	  1.	  Manhattan	  plot	  of	  GWAS	  of	  g	  meta-­‐analysis	  
	  Supplementary	  Figure	  2.	  Quantile-­‐quantile	  plot	  of	  GWAS	  of	  g	  meta-­‐analysis	  
	  
	  Supplementary	  Figure	  3.	  Forest	  plot	  showing	  effect	  sizes	  and	  confidence	  intervals	  for	  regression	  of	  g	  
on	  schizophrenia	  polygenic	  risk	  score	  (age,	  sex	  and	  population	  principal	  component	  covariates	  also	  
included	  in	  model).	  Effect	  sizes	  based	  on	  standardised	  values	  of	  g/IQ	  and	  PRS	  (effect	  size	  is	  the	  
number	  of	  standard	  deviations	  change	  in	  g/IQ	  that	  occurs	  when	  PRS	  changes	  by	  1	  standard	  
deviation).	  WAIS	  IQ	  used	  instead	  of	  g	  for	  EU-­‐GEI	  dataset.	  Lower	  panel	  shows	  regression	  of	  IQ	  on	  SZ	  
polygenic	  risk	  score	  in	  an	  independent	  population	  dataset,	  the	  UK	  Biobank	  (n=133437).	  
	  	  
Supplementary	  Figure	  4.	  Forest	  plot	  showing	  effect	  sizes	  and	  confidence	  intervals	  for	  regression	  of	  g	  
on	  educational	  attainment	  polygenic	  risk	  score	  (age,	  sex	  and	  population	  principal	  component	  
covariates	  also	  included	  in	  model).	  Effect	  sizes	  based	  on	  standardised	  values	  of	  g/IQ	  and	  PRS	  (effect	  
size	  is	  the	  number	  of	  standard	  deviations	  change	  in	  g/IQ	  that	  occurs	  when	  PRS	  changes	  by	  1	  
standard	  deviation).	  WAIS	  IQ	  used	  instead	  of	  g	  for	  EU-­‐GEI	  dataset.	  	  
    
Supplementary	  Figure	  5.	  Histogram	  of	  scaled	  IQ	  PRS	  residual	  values	  (after	  effects	  of	  covariates	  
removed	  with	  linear	  regression)	  across	  all	  subsets	  of	  data.	  Shapiro-­‐Wilks	  normality	  test	  p-­‐
value=0.053,	  kurtosis=3.02.	  
	  
    
Supplementary	  Figure	  6.	  Histogram	  of	  scaled	  SZ	  PRS	  residual	  values	  (after	  effects	  of	  covariates	  
removed	  with	  linear	  regression)	  across	  all	  subsets	  of	  data.	  Shapiro-­‐Wilks	  normality	  test	  p-­‐
value=0.567,	  kurtosis=2.91.	  
	  
Supplementary	  Tables	  
	  
Dataset	   Cognitive	  domain	   Test	   N	  
GROUP	  sample	  1	  
Speed	  of	  processing	   WAIS	  digit	  symbol	  substitution	   309	  
Verbal	  learning	  and	  
memory	  
WAIS	  information	   309	  
Brand	  and	  Jolles	  word	  learning	  task	   304	  
Visuo-­‐spatial	  learning	  and	  
memory	   WAIS	  block	  design	   308	  
Working	  memory	   WAIS	  arithmetic	   309	  
GROUP	  sample	  2	  
Speed	  of	  processing	   WAIS	  digit	  symbol	  substitution	   119	  
Verbal	  learning	  and	  
memory	  
WAIS	  information	   119	  
Brand	  and	  Jolles	  word	  learning	  task	   117	  
Visuo-­‐spatial	  learning	  and	  
memory	   WAIS	  block	  design	   119	  
Working	  memory	   WAIS	  arithmetic	   119	  
EU-­‐GEI	  
Speed	  of	  processing	   WAIS	  digit	  symbol	  substitution	   156	  
Verbal	  learning	  and	  
memory	   WAIS	  information	   156	  
Visuo-­‐spatial	  learning	  and	  
memory	   WAIS	  block	  design	   156	  
Working	  memory	   WAIS	  arithmetic	   156	  
CATIE	  
Executive	  function	   WISC-­‐m	  mazes	   342	  
Speed	  of	  processing	  
WAIS	  digit	  symbol	  substitution	   348	  
Semantic	  fluency	  (fruits,	  animals,	  
vegetables	  categories)	   350	  
Verbal	  learning	  and	  
memory	  
Hopkins	  verbal	  learning	  test	   348	  
Controlled	  oral	  word	  association	  test	   350	  
Working	  memory	   Letter	  number	  span	   347	  
Cardiff	  cognition	  
Attention/Vigilance	   Continuous	  Performance	  Test	   601	  
Executive	  function	   Mazes	  (NAB)	   647	  
Speed	  of	  processing	  
Trail	  Making	  Test	  -­‐	  part	  A	   647	  
Semantic	  fluency	  (animals	  category)	   646	  
Symbol	  Coding	   640	  
Verbal	  learning	  and	  
memory	   Hopkins	  verbal	  learning	  test	   648	  
Visuo-­‐spatial	  learning	  and	  
memory	  
Brief	  Visuospatial	  Memory	  Test	  
Revised	   644	  
Working	  memory	   Letter	  number	  span	   642	  
Spatial	  Span	  (WMS-­‐III)	   645	  
	  
Attention/Vigilance	   Continuous	  Performance	  Test	   77	  
Executive	  function	   Trail	  Making	  Test	  -­‐	  part	  B	   77	  
Wisconsin	  card	  sorting	  test	   77	  
Speed	  of	  processing	   Trail	  Making	  Test	  -­‐	  part	  A	   77	  
Verbal	  learning	  and	  
memory	   Rey	  Auditory	  Verbal	  Learning	  Test	   77	  
Working	  memory	   Letter	  number	  span	   77	  
PAGES	  
Attention/Vigilance	   Continuous	  Performance	  Test	   144	  
Executive	  function	   Tower	  of	  London	   145	  
Speed	  of	  processing	  
Semantic	  fluency	  (food	  category)	   146	  
Phonemic	  Fluency	  (words	  starting	  
with	  letter	  'X')	   146	  
Verbal	  learning	  and	  
memory	  
California	  Verbal	  Learning	  Test	  
(immediate	  and	  delayed	  recall)	   148	  
TOP	  
Executive	  function	   WASI	  Matrix	  Reasoning	   285	  
Speed	  of	  processing	   WAIS	  Digit-­‐Symbol	  Substitution	   285	  
Verbal	  learning	  and	  
memory	  
California	  Verbal	  Learning	  Test	  
(delayed	  recall	  and	  total	  score)	   283	  
WASI	  Vocabulary	   282	  
Visuo-­‐spatial	  learning	  and	  
memory	   WASI	  Block	  Design	   279	  
Working	  memory	   WAIS	  Digit	  Span	   286	  
Ireland	  (PGC	  
samples)	  
Verbal	  learning	  and	  
memory	   WAIS-­‐III	  Vocabulary	   346	  
Working	  memory	   WMS-­‐III	  Logical	  Memory	   333	  
WAIS-­‐III	  Letter	  number	  span	   	  326	  
Ireland	  
(additional	  
samples)	  
Verbal	  learning	  and	  
memory	   WAIS-­‐III	  Vocabulary	   	  162	  
Working	  memory	   WMS-­‐III	  Logical	  Memory	   	  160	  
WAIS-­‐III	  Letter	  number	  span	   	  161	  
Bonn/	  
Mannheim	  
Executive	  function	   Trail	  Making	  Test	  -­‐	  part	  B	   436	  
Speed	  of	  processing	   Trail	  Making	  Test	  -­‐	  part	  A	   437	  
Verbal	  learning	  and	  
memory	  
Verbal	  learning	  and	  memory	  test	  
(VLMT)	  	   196	  
Working	  memory	   Letter	  number	  span	   212	  
	  
Supplementary	  Table	  1.	  Cognitive	  domains	  and	  tests	  available	  in	  each	  dataset.	  N	  indicates	  number	  of	  
genotyped	  samples	  available	  for	  each	  test.	  
	  	  
Dataset	   r	  
Hubin	   -­‐0.99992	  
PAGES	   -­‐0.99924	  
TOP	   0.999965	  
Ireland	  (PGC	  samples)	   -­‐0.99961	  
Bonn/Mannheim	   -­‐0.95418	  
	  
Supplementary	  Table	  2.	  Correlation	  between	  values	  of	  g	  derived	  from	  MDS	  and	  PCA.	  
	  	  
Phenotype	   Training	  set	   Sample	  size	   Power	  
Schizophrenia	   PGC2	  SZ	  (excluding	  cognitively	  informative	  samples)12	   29958	  cases,	  39204	  controls	   0.998	  
Bipolar	  
disorder	   PGC	  Bipolar	  Disorder
44	   20352	  cases,	  31358	  controls	   0.108	  
Major	  
depression	  
PGC	  MDD,	  Generation	  Scotland,	  
GERA,	  deCODE,	  iPsych	  and	  UK	  
Biobank	  meta-­‐analysis45	  
51865	  cases,	  112200	  controls	   1.000	  
IQ	   Savage	  et	  al46	   269867	  population	  samples	   1.000	  
Educational	  
attainment	   Lee	  et	  al
47	   1131881	  population	  samples	   1.000	  
	  
Supplementary	  Table	  3.	  Training	  sets	  for	  PRS	  construction.	  Power	  is	  calculated	  using	  the	  R	  package	  
AVENGEME.	  
	  	  
	  
Supplementary	  Table	  4.	  Parameters	  used	  in	  regression	  model.	  First	  5	  population	  principal	  
components	  used	  for	  EU-­‐GEI	  dataset.	  10	  population	  principal	  components	  used	  for	  PGC,	  COGS	  and	  
additional	  Irish	  samples	  were	  those	  that	  showed	  association	  with	  SZ	  phenotype	  in	  PGC	  analysis12.	  14	  
population	  principal	  components	  used	  for	  Biobank	  were	  those	  that	  showed	  association	  with	  fluid	  
intelligence	  in	  Biobank.	  
	  
Dataset	   Intelligence	  measure	  
used	  
Predictor	  and	  covariates	  used	  
PGC	  datasets	   g	  (derived	  by	  MDS)	   Normalised	  PRS,	  age,	  sex,	  10	  
population	  principal	  components	  
Cardiff	  COGS	  dataset	   g	  (derived	  by	  MDS)	   Normalised	  PRS,	  age,	  sex,	  10	  
population	  principal	  components	  
Additional	  Irish	  samples	   g	  (derived	  by	  MDS)	   Normalised	  PRS,	  age,	  sex,	  10	  
population	  principal	  components	  
EU-­‐GEI	  WP2	  dataset	   WAIS	  IQ	   Normalised	  PRS,	  age,	  sex,	  country,	  5	  
population	  principal	  components	  
Biobank	  population	  dataset	   Fluid	  intelligence	   Normalised	  PRS,	  age,	  sex,	  14	  
population	  principal	  components	  
	  SNP	   CHR	   BP	   A1	   A2	  
A1	  
Frequency	  
Effect	  
size	  
estimate	  
Standard	  
error	   P	  
rs911216	   1	   34375199	   A	   C	   0.7963	   0.1947	   0.0509	   0.0001317	  
rs1556742	   1	   95674341	   A	   C	   0.3493	   -­‐0.1529	   0.0433	   0.0004215	  
rs10919140	   1	   169296744	   A	   T	   0.1446	   0.2258	   0.06	   0.0001656	  
rs16867210	   2	   10017166	   A	   G	   0.241	   -­‐0.1843	   0.0495	   0.0001999	  
rs1396074	   2	   17339482	   T	   C	   0.3233	   0.1536	   0.0437	   0.0004424	  
rs34439217	   2	   36656809	   A	   T	   0.1477	   -­‐0.2369	   0.0582	   4.72E-­‐05	  
rs17045898	   2	   54660795	   T	   C	   0.1687	   0.1977	   0.0565	   0.0004644	  
rs2679441	   2	   142030276	   A	   T	   0.2523	   -­‐0.2096	   0.0479	   1.20E-­‐05	  
rs3106704	   2	   180486040	   T	   C	   0.8929	   -­‐0.2813	   0.0677	   3.29E-­‐05	  
rs60026510	   2	   228766207	   A	   G	   0.5173	   0.1974	   0.0414	   1.91E-­‐06	  
rs73837372	   3	   59536718	   T	   G	   0.8086	   -­‐0.2132	   0.0534	   6.49E-­‐05	  
rs12632137	   3	   72285695	   A	   G	   0.6117	   0.1597	   0.0429	   0.0001974	  
rs6787458	   3	   119944395	   T	   C	   0.0825	   -­‐0.2848	   0.0763	   0.0001912	  
rs6440154	   3	   142943025	   A	   G	   0.3066	   -­‐0.18	   0.0453	   7.14E-­‐05	  
rs114492241	   4	   19459837	   C	   G	   0.0973	   -­‐0.2455	   0.0705	   0.0004945	  
rs2590820	   4	   54481514	   T	   C	   0.5835	   -­‐0.1452	   0.0415	   0.0004722	  
rs116226341	   4	   82669798	   T	   C	   0.1187	   0.231	   0.0639	   0.0002986	  
rs11097084	   4	   86880701	   T	   C	   0.7702	   0.1899	   0.0494	   0.0001192	  
rs13134571	   4	   144659924	   T	   G	   0.3277	   -­‐0.1564	   0.0429	   0.0002644	  
rs551305	   4	   152827837	   A	   G	   0.5511	   -­‐0.1477	   0.0414	   0.0003566	  
rs181181726	   5	   6388840	   A	   C	   0.0951	   0.2479	   0.0709	   0.000474	  
rs35181898	   5	   19081083	   T	   C	   0.7911	   0.194	   0.0503	   0.0001156	  
rs96844	   5	   56196604	   A	   G	   0.7454	   -­‐0.1874	   0.0473	   7.52E-­‐05	  
rs7711530	   5	   61606610	   T	   C	   0.6824	   -­‐0.1635	   0.0449	   0.0002678	  
rs190480	   5	   66133356	   T	   C	   0.4811	   0.1475	   0.0413	   0.0003498	  
rs6596210	   5	   101287088	   T	   C	   0.3918	   -­‐0.163	   0.0429	   0.000142	  
rs1161903	   6	   946027	   A	   C	   0.1897	   0.2169	   0.0525	   3.57E-­‐05	  
rs6902996	   6	   44475099	   A	   T	   0.2499	   -­‐0.1786	   0.0479	   0.0001955	  
rs6914894	   6	   47695732	   T	   C	   0.2162	   0.1784	   0.0496	   0.0003196	  
rs1781624	   6	   154126171	   A	   G	   0.3083	   0.1578	   0.0446	   0.0004083	  
rs923198	   6	   159246717	   T	   C	   0.4994	   -­‐0.1638	   0.0413	   7.32E-­‐05	  
rs2938106	   7	   25580518	   T	   C	   0.1123	   -­‐0.2407	   0.0673	   0.0003463	  
rs34236870	   7	   77547868	   T	   C	   0.1164	   -­‐0.2437	   0.0643	   0.0001519	  
rs6997340	   8	   18286997	   T	   C	   0.2768	   -­‐0.1601	   0.0452	   0.0004032	  
rs10095540	   8	   29355491	   T	   G	   0.5466	   -­‐0.15	   0.0419	   0.0003419	  
rs7814396	   8	   55325204	   A	   G	   0.9008	   0.3207	   0.0706	   5.63E-­‐06	  
rs1714656	   8	   122006764	   A	   G	   0.5931	   -­‐0.1467	   0.0417	   0.0004406	  
rs10992382	   9	   95361063	   A	   C	   0.7796	   0.1747	   0.0493	   0.0003891	  
rs2786719	   9	   104598306	   C	   G	   0.2675	   0.1655	   0.0468	   0.0004048	  
rs12683723	   9	   117913870	   A	   G	   0.922	   0.2961	   0.0787	   0.000167	  
rs2136614	   10	   64701286	   A	   G	   0.8601	   0.2285	   0.0606	   0.0001615	  
rs61886339	   10	   96032866	   T	   C	   0.6963	   -­‐0.1656	   0.044	   0.0001695	  
rs7091572	   10	   101327851	   T	   C	   0.7254	   0.1718	   0.046	   0.0001905	  
rs2459215	   10	   126089656	   T	   G	   0.1825	   0.194	   0.0537	   0.0003065	  
rs7894208	   10	   132757095	   C	   G	   0.1595	   -­‐0.2297	   0.0576	   6.62E-­‐05	  
rs10500797	   11	   13724572	   T	   C	   0.2809	   -­‐0.1644	   0.0461	   0.0003618	  
rs475639	   11	   85689785	   T	   C	   0.5314	   -­‐0.1545	   0.0415	   0.0001955	  
rs79565578	   12	   26601174	   A	   G	   0.9111	   0.2772	   0.074	   0.0001783	  
rs11177934	   12	   41099692	   A	   G	   0.1357	   -­‐0.2696	   0.0605	   8.35E-­‐06	  
rs10784131	   12	   61493136	   A	   T	   0.612	   -­‐0.1493	   0.0426	   0.0004562	  
rs2032774	   12	   96651259	   T	   C	   0.8863	   0.2414	   0.0661	   0.0002593	  
rs12306148	   12	   106060589	   T	   G	   0.9027	   0.2427	   0.0694	   0.0004687	  
rs61966487	   13	   102662432	   T	   C	   0.9274	   -­‐0.2894	   0.0809	   0.0003482	  
rs2331811	   14	   23199335	   A	   G	   0.8564	   -­‐0.226	   0.0595	   0.0001448	  
rs11632769	   15	   33215074	   T	   C	   0.3892	   0.1484	   0.0423	   0.0004564	  
rs624613	   15	   53716187	   A	   G	   0.6534	   0.1512	   0.0434	   0.0004972	  
rs7180870	   15	   100621837	   A	   T	   0.9405	   -­‐0.3319	   0.0875	   0.0001482	  
rs34864899	   16	   7986406	   A	   G	   0.9054	   -­‐0.2459	   0.0704	   0.0004781	  
rs13339382	   16	   12269935	   A	   G	   0.065	   0.3168	   0.085	   0.0001935	  
rs9930096	   16	   60284392	   A	   G	   0.2356	   0.1949	   0.0481	   5.13E-­‐05	  
rs12446726	   16	   74173688	   C	   G	   0.1125	   0.2496	   0.0663	   0.0001652	  
rs58407170	   16	   87753841	   A	   G	   0.8321	   -­‐0.1953	   0.0545	   0.0003384	  
rs6508210	   18	   50747191	   A	   C	   0.4514	   0.148	   0.0415	   0.0003597	  
rs12961692	   18	   77508336	   T	   C	   0.5154	   0.1501	   0.0415	   0.0002946	  
	  
Supplementary	  Table	  5.	  Variants	  with	  association	  p<1e-­‐4	  in	  GWAS	  of	  g.	  
	  	  
Training	  set	  
P-­‐value	  
threshold	  
Effect	  size	  
(fixed	  
effects)	  
SE	  
(fixed	  
effects)	  
P-­‐value	  
(fixed	  
effects)	  
Meta-­‐
analysis	  I2	  
P-­‐value	  
(random	  
effects)	  
Bipolar	  disorder	   1	   -­‐0.015	   0.019	   0.426	   43.8	   0.528	  
Bipolar	  disorder	   0.5	   -­‐0.015	   0.019	   0.412	   43.6	   0.492	  
Bipolar	  disorder	   0.3	   -­‐0.012	   0.019	   0.510	   30.5	   0.632	  
Bipolar	  disorder	   0.2	   -­‐0.015	   0.019	   0.433	   42.7	   0.553	  
Bipolar	  disorder	   0.1	   -­‐0.025	   0.019	   0.177	   45.3	   0.425	  
Bipolar	  disorder	   0.05	   -­‐0.012	   0.018	   0.509	   44.8	   0.644	  
Bipolar	  disorder	   0.01	   -­‐0.006	   0.018	   0.732	   34.8	   0.848	  
Bipolar	  disorder	   1.00E-­‐04	   0.001	   0.018	   0.976	   0	   0.976	  
Bipolar	  disorder	   1.00E-­‐06	   0.005	   0.018	   0.767	   0	   0.767	  
Bipolar	  disorder	   5.00E-­‐08	   0.015	   0.018	   0.387	   0	   0.387	  
Major	  depression	   1	   -­‐0.012	   0.018	   0.508	   0	   0.508	  
Major	  depression	   0.5	   -­‐0.013	   0.018	   0.488	   0	   0.488	  
Major	  depression	   0.3	   -­‐0.010	   0.018	   0.572	   0	   0.572	  
Major	  depression	   0.2	   -­‐0.001	   0.018	   0.947	   0	   0.947	  
Major	  depression	   0.1	   0.008	   0.018	   0.646	   0	   0.646	  
Major	  depression	   0.05	   0.009	   0.018	   0.598	   0	   0.598	  
Major	  depression	   0.01	   0.013	   0.018	   0.472	   29.6	   0.488	  
Major	  depression	   1.00E-­‐04	   -­‐0.026	   0.018	   0.145	   0	   0.145	  
Major	  depression	   1.00E-­‐06	   0.009	   0.018	   0.623	   53.7	   0.677	  
Major	  depression	   5.00E-­‐08	   0.005	   0.018	   0.778	   27	   0.950	  
Schizophrenia	   1	   -­‐0.019	   0.020	   0.338	   28.9	   0.819	  
Schizophrenia	   0.5	   -­‐0.023	   0.020	   0.253	   29.4	   0.900	  
Schizophrenia	   0.3	   -­‐0.026	   0.020	   0.187	   28.7	   0.927	  
Schizophrenia	   0.2	   -­‐0.022	   0.020	   0.272	   17.4	   0.675	  
Schizophrenia	   0.1	   -­‐0.018	   0.020	   0.354	   2.7	   0.499	  
Schizophrenia	   0.05	   -­‐0.017	   0.019	   0.386	   22.3	   0.494	  
Schizophrenia	   0.01	   -­‐0.031	   0.019	   0.097	   26	   0.575	  
Schizophrenia	   1.00E-­‐04	   -­‐0.026	   0.018	   0.149	   29.1	   0.660	  
Schizophrenia	   1.00E-­‐06	   -­‐0.040	   0.018	   0.024	   55.6	   0.660	  
Schizophrenia	   5.00E-­‐08	   -­‐0.019	   0.018	   0.275	   34.3	   0.853	  
IQ	   1	   0.198	   0.018	   3.36E-­‐27	   20.5	   1.31E-­‐20	  
IQ	   0.5	   0.198	   0.018	   2.81E-­‐27	   13.6	   1.16E-­‐22	  
IQ	   0.3	   0.202	   0.018	   2.45E-­‐28	   27.7	   2.69E-­‐19	  
IQ	   0.2	   0.202	   0.018	   2.17E-­‐28	   21.6	   4.66E-­‐21	  
IQ	   0.1	   0.201	   0.018	   1.64E-­‐28	   31.5	   1.92E-­‐18	  
IQ	   0.05	   0.199	   0.018	   4.39E-­‐28	   31.6	   2.13E-­‐18	  
IQ	   0.01	   0.177	   0.018	   4.20E-­‐23	   39	   7.16E-­‐14	  
IQ	   1.00E-­‐04	   0.132	   0.018	   1.15E-­‐13	   44	   4.46E-­‐08	  
IQ	   1.00E-­‐06	   0.098	   0.018	   4.04E-­‐08	   16.4	   1.08E-­‐06	  
IQ	   5.00E-­‐08	   0.089	   0.018	   7.43E-­‐07	   0	   7.43E-­‐07	  
Educational	  attainment	   1	   0.183	   0.018	   3.28E-­‐25	   52.7	   2.21E-­‐11	  
Educational	  attainment	   0.5	   0.182	   0.018	   7.43E-­‐25	   54.5	   8.07E-­‐11	  
Educational	  attainment	   0.3	   0.185	   0.018	   7.13E-­‐26	   54.1	   2.57E-­‐11	  
Educational	  attainment	   0.2	   0.182	   0.018	   5.06E-­‐25	   54	   4.81E-­‐11	  
Educational	  attainment	   0.1	   0.187	   0.018	   2.34E-­‐26	   59.7	   2.94E-­‐10	  
Educational	  attainment	   0.05	   0.188	   0.018	   1.27E-­‐26	   57.9	   5.02E-­‐11	  
Educational	  attainment	   0.01	   0.178	   0.018	   5.37E-­‐24	   61.2	   1.79E-­‐09	  
Educational	  attainment	   1.00E-­‐04	   0.15	   0.018	   2.22E-­‐17	   47.9	   8.11E-­‐09	  
Educational	  attainment	   1.00E-­‐06	   0.145	   0.018	   2.43E-­‐16	   47.7	   8.32E-­‐08	  
Educational	  attainment	   5.00E-­‐08	   0.132	   0.018	   1.18E-­‐13	   40.3	   2.83E-­‐07	  
	  
Supplementary	  Table	  6.	  Meta-­‐analysis	  of	  regression	  of	  g	  on	  PRS	  across	  multiple	  p-­‐value	  thresholds.	  
	  	  
Training	  set	   P-­‐value	  threshold	   Effect	  size	   SE	  	   P-­‐value	  
Bipolar	  disorder	   0.05	   -­‐0.012	   0.02	   0.54	  
Major	  depression	   0.05	   0.010	   0.02	   0.62	  
Schizophrenia	   0.05	   -­‐0.011	   0.02	   0.61	  
IQ	   0.05	   0.202	   0.02	   1.53E-­‐25	  
Educational	  attainment	   0.05	   0.201	   0.02	   8.46E-­‐27	  
	  
Supplementary	  Table	  7.	  Meta-­‐analysis	  of	  regression	  of	  g	  on	  PRS	  at	  PT=0.05,	  sensitivity	  analysis	  
excluding	  the	  EU-­‐GEI	  dataset	  and	  samples	  with	  two	  or	  fewer	  cognitive	  tests	  available	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